Abstract Soil salinity is among the main factors influencing seed germination in coastal dunes, acting as a major determinant of species establishment and growth. Tolerance to salinity during the germination process is crucial especially for species of the drift line, which are exposed to high levels. Cakile maritima is an annual species of coastal dunes which can suffer from the effects of salt-spray and seawater inundation. We investigated the effect of light, temperature and salinity on seed germination of C. maritima in three populations of the Mediterranean Basin (central Italy, Sardinia and Mallorca). Results showed higher germination percentage in the dark, although the species was only weekly photoinhibited. Germination increased at 25°C and decreased under NaCl conditions. Exposure to NaCl increased mortality, especially at high temperature, suggesting a toxic effect on seeds. However, the response to salinity differed between populations, seemingly depending on the degree of aridity of collection sites: seeds from Sardinia (the most arid collection site) were the most salt-tolerant, while seeds from Mallorca (with the highest values of precipitation, especially in spring), were the least salt-tolerant. These germination patterns suggest that although being under the same macroclimate conditions, beach populations can be subjected to local conditions, such as aridity, influencing population responses at fine scale. In the context of global climate change, the investigation of germination under varying environmental factors can provide important information for understanding population dynamics, predicting the response of species to climate change and setting restoration plans.
Introduction
Coastal dunes are harsh environments for the establishment and survival of plant species because of intense wind, salt-spray, occasional inundation by seawater and sand movement (Ripley and Pammenter 2008; Cogoni et al. 2013; Pinna et al. 2014; Del Vecchio et al. 2016 ).
In particular, one limiting factor for species establishment and growth is represented by substrate salinity, which often affects seed germination and seedling development (Baskin and Baskin 2014; Murru et al. 2017; Santo et al. 2017) .
Salinity can affect germination kinetics, delaying and slowing down the germination process, already at low concentration (100 mM; Delgado Fernández et al. 2016; Manzoor et al. 2017; Muñoz-Rodríguez et al. 2017; Santo et al. 2017) . Germination usually decreases as salinity increases (Baskin and Baskin 2014) . Salinity can also inhibit and suppress germination, although the intensity of the effect varies across species. Germination can be totally suppressed at higher NaCl concentrations (300-400 mM; Atia et al. 2011; Santo et al. 2014; Delgado Fernández et al. 2016 ), but saltmarsh halophytes can germinate up to NaCl 600 mM or 1 M (Gul et al. 2013; Muñoz-Rodríguez et al. 2017) . As far as seed viability is concerned, contrasting effects have been observed. Many studies documented that high saline condition only induced secondary dormancy, as non-germinated seeds remained viable, showing complete germination recovery upon salt stress removal, or appearing viable when cut opened (e.g. Del Vecchio et al. 2012 Vecchio et al. , 2013 Murru et al. 2017; Debez et al. 2018) . In some halophytes, salinity exposure can even promote germination recovery . In other cases, NaCl has been reported as having an irreversible effect, causing seed mortality (Saeed et al. 2011; Santo et al. 2014 Santo et al. , 2017 . However, research suggests that the effects of NaCl on seed germination depend on the species, the salt concentration, and on the interaction with several other factors such as photoperiod and temperature (Delgado Fernández et al. 2016; Murru et al. 2017; Santo et al. 2017) . In particular, the toxic effect of NaCl often increases at increasing temperature (El-Keblawy and Al-Shamsi 2008; Manzoor et al. 2017; Santo et al. 2017) .
The response to salinity can also vary among populations of the same species (e.g. Megdiche et al. 2007; Ghars et al. 2009; Del Vecchio et al. 2012; Santo et al. 2014 Santo et al. , 2017 . At equal concentrations of NaCl, in the range of 100-200 mM, seeds of the same species belonging to different populations showed different germination percentages. However, at higher concentrations of NaCl (400-600 mM), germination was completely inhibited regardless of the seeds' population of origin (Megdiche et al. 2007; Ghars et al. 2009; Santo et al. 2014 Santo et al. , 2017 .
Although variable depending on such environmental factors as temperature and precipitation regime (Sevink 1991) , in coastal dunes the highest values of substrate salinity are normally found in the upper beach, where they can be higher than seawater concentration (Fenu et al. 2013a; Geng et al. 2016) . The interaction between salinity and other environmental factors is still an open research line that needs further investigation. Thus, given the vulnerable status of coastal habitats, investigating the effect of salinity on seed germination is particularly important for those species that grow close to the coastline, i.e. the species of the drift line, which are exposed to high salt concentrations. Tolerance to salinity during the germination process is crucial especially for those species which rely on seeds for reproduction and undergo high demographic variability over time, like annual species (Fenu et al. 2013b; Huang et al. 2016) .
Cakile maritima Scop. (Brassicaceae) is an annual species widely distributed in Europe, North Africa, Southwest Asia, and introduced to North America, South America and Southern Australia (Davy et al. 2006) . It is a pioneer halo-nitrophilous species which grows very close to the coastline, with an average distance from the sea of 30 m (Bazzichetto et al. 2016; Silan et al. 2017 ). In such position, the species grows in presence of high organic matter content due to wrack deposition and has to face high salinity levels in the substrate as well as in the form of salt spray (Maun 2009 ). Although its growth at vegetative stage and seed production are enhanced at moderate salinity (NaCl 50-100 mM; Davy et al. 2006; Debez et al. 2006 Debez et al. , 2012 , this species is salt-sensitive during the germination phase (Debez et al. 2004 (Debez et al. , 2008 Megdiche et al. 2007; Ghars et al. 2009 ). While the ecology of the species has been investigated in depth (Davy et al. 2006; Megdiche et al. 2008; Debez et al. 2013; Ben Hamed-Laouti et al. 2016; Houmani and Corpas 2016; Belghith et al. 2018) , the response to salinity has been mainly analysed for Tunisian populations (Debez et al. 2004 (Debez et al. , 2008 (Debez et al. , 2012 Megdiche et al. 2007; Ghars et al. 2009 ), while other areas of the Mediterranean Basin received less attention. Moreover, the interaction with other environmental factors such as temperature and salinity has often been overlooked, except for England, where GA 3 -treated seeds were found to be less sensitive to salinity at the optimal germination temperature of 20°C (Ignaciuk and Lee 1980) . Furthermore, although some authors found that C. maritima is strongly photoinhibited (Barbour 1970; Thanos et al. 1991; Sacheti 1998) , the effect of light on the species and its interaction with temperature has been poorly investigated.
In light of these facts, the aim of this work was to investigate the response of C. maritima to light, temperature and salinity, and their interaction. To account for inter-population variability, we compared the behaviour of seeds coming from three different areas of the Mediterranean Basin. In each population, seeds were collected from approximately 80 randomly selected plants at the time of natural dispersal (in August), from both the upper and lower segment of the fruit. Afterwards, seeds were mixed and manually cleaned. To enable equal conditions for seeds collected in different regions, seeds were after-ripened for 90 days at room temperature (20°C and 40% relative humidity) before the experiments started.
Materials and methods

Seeds
Light and temperature requirements
To detect the best conditions for the germination of C. maritima, we tested the effect of temperature and light on the most abundant seed collection (central Italy). Germination tests were carried out at the Sardinian Germplasm Bank (BG-SAR) of the University of Cagliari (Italy). Four replicates of 20 seeds each were sown in Petri dishes, on 1% water agar. Seeds were incubated in growth chambers (Sanyo MLR-351, SANYO Electric Co., Ltd) at a range of constant temperatures (10, 15, 20 and 25°C) , in the light (12 h irradiance per day, provided by white fluorescent lamp FL40SS.W/37 70-10 μmol·m
) and in the dark (achieved by wrapping the dishes in two layers of aluminum foil). In the light treatment, germinated seeds were counted and removed at alternate days, while, in the dark, seeds were scored only once, at the end of the experiment, to avoid any exposure to light. The tests were ended when no additional germination occurred for 15 days, after a minimum of one month and a maximum of two months and a half from sowing. Seed viability was assessed through the cut test (Oöi et al. 2004; FAO 2014) . At the end of the tests, non-germinated seeds were cut and classified as apparently viable (with firm and white embryo; hereafter 'imbibed seeds') or dead (when they collapsed if pinched gently or had grey/brownish embryo). Empty seeds were not found. Thus, the percentage of germinated, imbibed and dead seeds was calculated on the number of total seeds in each Petri dish.
The results achieved in this experiment were used to set light and temperature regimes of the next experiments, to test the effect of NaCl on seed germination and the variability among populations.
Moreover, to analyse the response to light, we calculated the 'photoinhibition of seed germination index' (Pi; Carta et al. 2017) according to the formula:
where GD and GL represent the final germination percentage in the dark and light, respectively. Pi varies between 0 and 1, with 0 corresponding to equivalent germination percentages in light and darkness, and 1 to germination occurring only in darkness.
Interaction of NaCl and temperature
The interaction of salinity and temperature was first analysed on the most abundant seed collections (central Italy), incubating seeds at the same temperatures (10, 15, 20 and 25°C) , in the dark. Four replicates of 20 seeds each were sown in Petri dish, on 1% water agar with increasing NaCl solutions (0 mM, 125 mM and 250 mM). NaCl concentrations were selected in order to simulate seawater at 25% and 50%. Seeds were scored only once, at the end of the experiment (after a minimum of one month and a maximum of two months and a half from sowing). Non-germinated seeds were classified as imbibed or dead by the cut test.
Variability among populations
To test the effect of NaCl among populations, seeds of each site were incubated at 25°C in the dark, on 1% water agar with increasing NaCl solutions (0 mM, 125 mM and 250 mM), on the basis of the results achieved in previous experiments. Following the same procedure used for previous tests carried out in the dark, seeds were scored only at the end of the experiment (after a minimum of one month and a maximum of two months and a half from sowing), and non-germinated seeds were classified as imbibed or dead by the cut test.
Data analysis
To analyse the germination responses of C. maritima to light, temperature and NaCl, we performed Generalized Linear Models (GLMs) with negative binomial error distribution and logit link function. Each model was performed on the percentages of germinated, imbibed and dead seeds as response variables, while predictors were selected according to the effect to be tested. In particular:
Light and temperature were set as predictors. The models were performed on the central Italy population; (II) Treatment (factor with three levels: Control, NaCl 125 mM and NaCl 250 mM), temperature and their interaction term (treatment × temperature) were set as predictors to test the effect of NaCl at different temperatures. The models were performed on the central Italy population; (III) Treatment (factor with three levels: Control, NaCl 125 mM and NaCl 250 mM), population (factor with three levels: central Italy, Sardinia, Mallorca) and their interaction term (treatment × population) were set as predictors to test the effect of NaCl, population and their interactions.
When necessary, a post hoc Tukey test was performed to investigate if germinated, imbibed and dead seeds differed between each other within temperature, treatments and populations. All analyses were performed in R (R Core Team 2016).
Results
Light and temperature requirements
Cakile maritima germinated at all tested temperatures and photoperiods. The photoinhibition index was Pi = 0.2, showing that the species was not strongly photoinhibited. However, germination percentage was always significantly higher in the dark (Table 1) , showing a mean percentage of 57.8 ± 14.8%, compared to 46.3 ± 15.5% in the light. The highest germination percentages were observed at 25°C (mean ± SD: 69.3 ± 14.6% averaged by light and darkness; P < 0.05 by post hoc Tukey tests for each comparison between results at 25°C and the other temperatures).
Light and temperature did not affect seed mortality (Table 1) . Imbibed seeds significantly increased with light exposure and decreased with temperature (Table 1; percentage of imbibed seeds averaged by temperatures: 34.1 ± 17.7% in the dark and 47.5 ± 15.9% in the light).
Interaction of NaCl and temperature Germination percentage decreased under NaCl conditions at all temperatures (Table 2; Fig. 1 ). Germination percentage was on average reduced by 62% at NaCl 125 mM, and by 95% at NaCl 250 mM. The effect of NaCl was greater at high temperatures, with a 78% reduction at NaCl 125mM and 100% at NaCl 250mM, at 25°C. At 15°C, seed germination at NaCl 125mM was similar to the control (P > 0.05 by post hoc Tukey tests; Fig. 1 ). Seed mortality increased with temperature at both NaCl concentrations and showed the highest value at 25°C, where more than 50% of non-germinated seeds were dead (P < 0.05 for any comparison as revealed by post hoc Tukey tests). At 10°C, seed mortality was not affected by NaCl (P > 0.05 by post hoc Tukey tests between control and NaCl at 125mM and 250mM; Fig. 1 ). The intercept is darkness. P-values indicate significant differences from the intercept Signif. Codes: 0 -'***', 0.001 -'**', 0.01 -'*', 0.05 -'.', 0.1 -'' The intercept is the control (NaCl = 0 mM). P-values indicate significant differences from the intercept. 'NaCl 125 mM' and 'NaCl 250 mM' represent the global influence of salinity at each concentration, averaged by temperature, while the interaction terms 'NaCl 125 mM × Temperature' and 'NaCl 125 mM × Temperature' represent the effect of salinity at each temperature Signif. codes: 0 -'***', 0.001 -'**', 0.01 -'*', 0.05 -'.' 0.1 '' Variability among populations NaCl impaired the germination percentage in all populations, i.e. germination decreased as salinity increased (Table 3 ; Fig. 2 ). On average, germination percentage was reduced by 68% at NaCl 125 mM and by 81% at NaCl 250 mM as compared to germination in non-saline condition (control). Seed mortality increased by about 60% already at the lowest concentration of NaCl 125 mM with respect to control (P < 0.05 by post hoc Tukey test), while at NaCl 250 mM seed mortality was comparable to that observed at NaCl 125 mM (Fig. 2) .
The population predictor had a significant overall effect on seed germination (Table 3 ; Fig. 2) . In particular, seeds from Mallorca showed a significantly lower germination percentage than the other populations (11.3 ± 11.9%, compared to 30.0 ± 33.7% of central Italy and 46.7 ± 31.1% of Sardinia; P < 0.05 by post hoc Tukey test for each comparison between populations), although non-germinated seeds were imbibed, therby apparently viable (35.3 ± 24.4%). Seed mortality did not vary among populations (about 45% in all populations; P > 0.05 for any comparison by post hoc Tukey test).
The analysis of the interaction term (treatment × population) showed a different ability of seeds to tolerate salinity among populations (Table 3 ; Fig. 2 ). At NaCl 125 mM, seeds from Sardinia showed a higher germination percentage than the other two populations, with a value of 40.0 ± 10.8%, compared to 16.3 ± 8.5% of central Italy, while seeds from Mallorca did not germinate. At NaCl 250 mM, only seeds from Sardinia germinated (17.5 ± 18.9%).
Discussion
Our research showed that C. maritima was able to germinate at different conditions of temperature, photoperiod and salinity. The best condition for germination was in the dark, at 25°C, under non-saline condition.
Cakile maritima has been described as highly sensitive to light which suppresses or delays germination (Barbour 1970; Thanos et al. 1991; Sacheti 1998; Carta et al. 2017) . Photoinhibition is a common strategy in arid and seasonal climates, and in coastal habitats (Carta et al. 2017) , to prevent seed germination at the substrate surface thereby protecting seeds and seedling from dessication (Thanos et al. 1991) . In our study, although the germination percentage was significantly higher in the dark, we found a very low Pi value which, according to Carta et al. (2017) , allows to define C. maritima as a weakly photoinhibited species. In line with the literature (Ignaciuk and Lee 1980; Baskin and Baskin 2014; Fernández-Pascual et al. 2017) , we found that C. maritima is a warm-cued germination species, with higher germination percentage at high temperature, in the range of 20-25°C. Nevertheless, it showed a germination capacity at any tested temperature, without any pre-treatment (seed scarification or cold stratification). However, in some species, seeds stored under controlled conditions of temperature and humidity for a period longer than one month can germinate at a wider range of photoperiod and temperature than fresh seeds (Probert 2000; Finch-Savage et al. 2007 ). The weak photoinhibition, the ability to germinate at any tested temperature and the presence of imbibed nongerminated seeds detected at the end of germination test (under no stress condition) found in this study, suggest a possible positive effect of a period of after-ripening on the germination of C. maritima. In light of our results, the effect of after-ripening on this species should be further investigated in order to elucidate its role in germination.
NaCl decreased the germination percentage. This is consistent with other researches showing the saltsensitivity of C. maritima during seed germination (Debez et al. 2004 Megdiche et al. 2007; Ghars et al. 2009 ). High salinity inhibits and delays germination ) generating unfavourable osmotic conditions which prevent seed imbibition (Ghars et al. 2009 ). However, several studies consistently report that moderate salt treatments inhibit germination without damaging the seeds which remain viable and able to resume germination upon stress release, with toxicity symptoms (i.e. increasing seed mortality) appearing only at severe salinity (in the range of 300-400 mM NaCl; Debez et al. 2004; Megdiche et al. 2007; Ghars et al. 2009 ). This would suggest osmotic constraints rather than toxicity of salinity and, most importantly, that C. maritima would be able to produce seeds able to tolerate high salinity levels, thereby remaining viable and germinate early in the spring, after winter rains (Debez et al. 2004; Davy et al. 2006; Ghars et al. 2009 ). However, as compared to non-saline conditions, we found increased seed mortality already at moderate concentration of NaCl (125 mM). The increased negative effect we detected could be a consequence of a long exposure to salinity, as suggested by Ghars et al. (2009) .
Indeed, non-germinated seeds exposed to NaCl were classified as viable in germination experiements that lasted for a maximum of two weeks (Megdiche et al. 2007; Ghars et al. 2009; Debez et al. 2004 Debez et al. , 2018 , while in our study the duration of the experiments had a minimum elapse of one month. Although our results were achieved in a laboratory, we cannot exclude that long exposure to salinity may represent a limiting factor in the field. Indeed, the marked seasonality of seed collection sites and C. maritima life cycle support this hypothesis, since germination normally occurs in the period with lower salinity levels in the substrate, i.e. in autumn and/or spring, after receiving adequate rainfall to leach out the salt (Davy et al. 2006; ContrerasCruzado et al. 2017) . Moreover, our results suggest that long aridity periods after seed dispersal may limit salt leaching thereby affecting the viability of seeds.
The interaction between salinity and temperature showed that seeds were more resistant to salinity at cool temperature (10-15°C) and that the negative effect of salinity increased with increasing temperature, a pattern also observed in other species (Santo et al. 2014 Delgado Fernández et al. 2016) . In arid and semi-arid habitats, such as coastal habitats, soil salinization represents a limiting factor for species establishment and growth (Bui 2013; Parihar et al. 2015) . Its negative effect on seed germination and viability when combined with high temperature can represent a further selective force for species survival, and consequently for species distribution.
The response to salt stress also differed between populations. It has been reported that C. maritima has a great genetic diversity due to adaptation to different ecological conditions, and, consequently, its populations may have different optimal temperatures and photoperiods for germination (Debez et al. 2013; Belghith et al. 2018 ) and different levels of salt sensitivity. Differences in the germination response of C. maritima to NaCl have been mainly attributed to different climatic conditions of collection sites. In particular, it has been suggested that salt tolerance is controlled by the degree of aridity with most salt-tolerant populations found in the most arid sites (Megdiche et al. 2007; Ghars et al. 2009 ). In accordance with these findings, in our study the most salt-tolerant seeds were those from Sardinia, which is characterized by the longest aridity period. Correspondingly, seeds collected in Mallorca, which has the highest values of precipitation (especially in spring), were the lowest salt-tolerant. Because of the ameliorating effect of the sea on local climate, beach species tend to have a worldwide distribution and have been described as almost azonal in their occurrence (e.g. Wiedemann and Pickart 2004; Del Vecchio et al. 2018) , i.e. as linked to non-climatic environmental stress factors or extreme soil conditions (Walter Control (NaCl = 0 mM) and the central Italy population are the intercept. P-values indicate significant differences from the intercept Signif. codes: 0 -'***', 0.001 -'**', 0.01 -'*', 0.05 -'.' 0.1 '' 1985). However, our results, which confirm at a wider extent those of Megdiche et al. (2007) and Ghars et al. (2009) , suggest that although being under the same macroclimate conditions, beach populations can be subjected to local drivers, such as aridity, that can influence population responses at a finer scale.
In conclusion, our findings support the view that C. maritima has a higher germination percentage in the dark and at high temperature. Moreover, we found that prolonged exposure to salinity, caused e.g. by extended aridity periods, may affect seed viability and that this effect is stronger at high temperatures. Our results are particularly challenging in the context of global climate change, especially in arid and semiarid regions of the world, which are likely to be highly sensitive to climate modification. From a conservation perspective, research on germination ecology, such as that presented here, may contribute to the development of restoration plans and monitoring programmes aimed towards habitat conservation. Moreover, investigations of germination under varying environmental factors can provide important information for understanding patterns and processes in population dynamics, plant community ecology, and predicting the response of species to climate change (Jiménez-Alfaro et al. 2016; Pierce et al. 2018) .
